Ab initio multiconfiguration Dirac-Hartree-Fock (MCDHF) calculations have been carried out in order to determine the isotope shifts of all the fine-structure levels belonging to the even-parity configurations (5d þ 6s) 8 in neutral osmium, Os I. The theoretical predictions have been compared to laser spectroscopy measurements available in the literature showing a good agreement between theory and experiment.
Introduction
The optical data of hyperfine structure (hfs) and/or isotope shifts (IS) for any element are used mainly to test atomic theory, to deduce nuclear moments and changes in the nuclear mean square charge radius and to give information on electron behaviour inside the nucleus. Thousands of high-resolution spectroscopic observations acquired over the last few decades have revealed that nearly all stars contain at least traces of elements heavier than the iron group. Osmium belongs to transition metals of the platinum group and then, as in the cases of its neighbour atoms in the Periodic Table, hfs and IS of many optical transitions in atomic osmium have been studied; the early measurements were initiated by Murakawa and Suwa to determine the nuclear spin value of 189 Os [1] .
Some years later Guthöhrlein et al. [2] evaluated successfully the nuclear spin of 187 Os. These two teams had recourse to classical Doppler-limited spectroscopy using hollow-cathode light sources with isotopically enriched osmium samples and a Fabry-Perot interferometer. The IS in 5 lines of the osmium spectrum, involving transitions of the type 5d 6 6s6p-5d 6 6s 2 were measured with similar experimental set-up [3] . More recently IS in the arc spectrum of osmium was studied in 10 lines for the highly enriched isotopes 188 Os and 192 Os and in 2 lines for natural 190 Os [4] by means of photoelectric recording Fabry-Perot spectrometer with digital data processing.
During these two last decades real accuracy improvements of experimental measurements were observed since high-resolution Doppler-free laser techniques have been employed giving very good resolution of the individual isotopic and hyperfine components. For example laser induced fluorescence spectroscopy has been applied to measure IS and hfs of Os I spectral lines in the visible range [5] . We have also to mention that other sophisticated measurements of the isotope shifts of the stable 184, [186] [187] [188] [189] [190] 192 Os isotopes have been made using the crossedbeams technique in Manchester [6] : atomic beams of Os were produced by laser ablation of pills of compressed natural Os powder whose diameter and thickness were 5 mm and 3 mm. IS for the stable [184] [185] [186] [187] [188] [189] [190] [191] [192] Os and isotopes were measured [7] , relative to 192 Os using two Doppler-free techniques. The hyperfine parameters of 189 Os, essential for the calibration of the radioactive isotopes have been extracted. As regard theoretical investigations Gluck et al. [8] , Bauche [9] , Aufmuth et al. [4] applied parametric analyses to the interpretation of the atomic isotope shift in intermediate coupling and configuration interaction. To this aim they took advantage of fine structure studies of van Kleef and Klinkenberg [10] which gave the eigenvector values of 155 Os I levels among 263 which were known at that moment. Furthermore we have to point out that sometimes they had recourse to ab initio calculations for comparison with experimental data. They used the non-relativistic Hartree-Fock method. In opposite we propose in the present work to use the relativistic Dirac-Hartree-Fock method to analyse experimental data of Os I isotope shift found in the literature without any theoretical background [5] .
In this study, it is preferable, as it was done successfully in the case of singly ionised lead [11] , to use the latter method because one can consider osmium as a heavy element since it lies near lead in Mendeleev Table. In this case relativistic effects are not negligible, particularly regarding the field shift (also referred to as the volume shift) due to contributions of np 1=2 , not existing in simple Hartree-Fock scheme where only s-electrons are considered as contact (with nucleus) electrons and where p 1=2 and p 3=2 electrons are not distinguished.
MCDHF calculations
The multiconfiguration Dirac-Hartree-Fock (MCDHF) calculations have been carried out using the GRASP2K atomic structure package version 1_1 [12] along with its isotope shift module RIS3 [13] . A description of the method is given below.
The MCDHF approach
In the MCDHF method [12] , the atomic state function (ASF), Ψ, appearing in Eqs. (5) and (11) is represented by a linear combination of configuration state functions (CSFs), Φ, with the same parity, Π, total angular momentum and total magnetic quantum numbers, J and M J , as
where c i is the mixing coefficient, γ i stands for all the other quantum numbers needed to specify the CSF which is in turn linear combinations of Slater determinants built from monoelectronic spin-orbitals, ϕ nκm , of the form:
ϕ nκm r; θ; φ 
where P nκ ðrÞ and Q nκ ðrÞ are, respectively, the large and the small component of the radial wave functions, and the angular functions χ κm ðθ; φÞ are the spinor spherical harmonics [17] . The quantum number κ is given by:
where j is the electron total angular momentum. The sign before the parentheses in Eq. (14) corresponds to the coupling relation between the electron orbital momentum, ℓ, and its spin, i.e.,
The radial functions P nκ ðrÞ and Q nκ ðrÞ are numerically represented on a logarithmic grid and are required to be orthonormal within each κ symmetry. In the MCDHF variational procedure, the radial functions and the expansion coefficients c i are optimised to self-consistency.
A spherical model, here a Fermi nucleus, has been chosen for the nuclear charge distribution as required for the first-order perturbation approximation of the field shift given in Eqs. (4 and (10) to be valid.
where ρ 0 is a normalisation constant, c the half-density of the nuclear charge distribution and a ¼ t=ð4lnð3ÞÞ is related to the nuclear surface thickness t, with c computed according to [18] and t ¼2.30 fm.
Computational strategy
The restricted active space (RAS) [19] method has been considered for building the MCDHF multiconfiguration expansions. The latter are produced by exciting the electrons from the reference configurations to a given set of spinorbitals. The rules adopted for generating the configuration space differ according to the correlation model used. Within a given correlation model, the active set of spin-orbitals spanning the configuration space is increased to monitor the convergence of the total energies and the isotope shifts.
Our calculations have been focused on the isotope shift electronic parameters of the levels of the lowest excited even-parity interacting configuration 5d 6 6s 2 þ 5d 7 6s þ 5d 8 in Os I (Z¼76). The reference isotope has been chosen to be the most abundant stable isotope with mass number A ¼192 [20] . These calculations have been carried out in six steps:
Step 1: The core orbitals, i.e. 1s to 5p, along with the 5d and 6s orbitals, have been optimised. All the 81 CSFs belonging the even-parity interacting configurations 5d 6 6s 2 þ 5d 7 6s þ 5d 8 with symmetries J ¼ 0 À 6 were retained in the configuration space. The energy functional was built within the framework of the average level (AL) option [17] . This option is most suitable for cases where all the eigenvalues of the hamiltonian are optimised at once. This is the case here as we want to obtain all the 81 ASFs belonging to (5d 6 6s 2 þ 5d
Step 2: The configuration space was increased to 16, 619 CSFs by considering all the single and double electron excitations to the 5f and 5g orbitals from the active orbitals 5d and 6s of the multi-reference configurations (5d 6 6s 2 þ 5d 7 6s þ 5d 8 ) J ¼ 1 À 6. The 5f and 5g orbitals have been optimised, fixing all the others to the values of Step 1 using an energy functional built from the lowest 81 ASFs within the framework of the extended optimal level (EOL) option [17] .
Steps 3-5: The configuration space has been extended to 111,701, 305,051 and 594,075 CSFs, respectively, using the same optimisation procedure as described in Step 2 but considering single and double excitations to the {6p, 6d, 6f, 6g}, {6p, 6d, 6f, 6g, 7s, 7p, 7d, 7f, 7g} and {6p ,6d ,6f ,6g , 7s ,7p ,7d, 7f, 7g, 8s, 8p, 8d, 8f, 8g} orbital sets successively.
Step 6: The core-valence and core-core correlations have been considered where a relativistic configuration interaction (RCI) calculation [12] has been carried out. In particular, a Dirac-Coulomb-Breit Hamiltonian has been diagonalised using the 594,075 CSFs and orbitals of the previous step along with 1 526 core-excited CSFs generated from single and double electron excitations of the {4f, 5s, 5p} core orbitals to the {5d, 6s} valence orbitals of the same multi-reference configurations as in Step 2.
Results and discussion
In Table 1 , the electronic isotope shift parameters are presented for all the known even-parity levels belonging to the configurations (5dþ6s) 8 along with their corresponding calculated and experimental energies taken from [8] . The average deviation of our ab initio MCDHF level energies with respect to the experimental values of Gluck et al. [8] is 564 cm
. The latter is 2% of the investigated experimental energy range, i.e. 31,765 cm À 1 , which represents a fair theory-experiment agreement considering the complexity of the atomic structure of this heavy neutral element. Concerning the isotope shift parameters shown in this table, one can see the dominance of the normal mass shift contribution over the specific mass shift by a factor of 3 having opposite signs.
What is accessible to experiment is the differences between values corresponding to two fine-structure levels. These differences with respect to the ground level are presented in Table 2 . They range from a few hundreds to a few thousands GHz u for the RNMS parameter, from a few tens to a few thousands GHz u for the RSMS parameter and from a few tenths to a few tens GHz/fm 2 for the FS factor.
For most of the levels, the RNMS and RSMS parameters have opposite signs and almost cancel each other given rise to a low absolute value for the total mass shift parameter (shown in the sixth column). Also, when one compares the level energies given in the first column to the RNMS parameters of fourth column, the so called 'scaling law', where the NMS parameter is proportional to the transition energy in the non-relativistic limit [21, 22] , is clearly breakdown for this high-Z element (Z¼76). Indeed, higher-order relativistic contributions, ΔK ð2 þ 3Þ
RNMS , (related to the last two terms in αZ of the recoil hamiltonian operator presented in Eq. (8)) to the total RNMS parameter are shown in [21, 23] . The same kind of comparisons is made for the SMS in Table 4 where the higher-order relativistic contributions are found to be important as well for the majority of the levels. Concerning the FS factors listed in Table 2 , which are proportional to a change of the electron probability density at the nucleus with respect to the ground state (5d [5] ), and therefore these differences can be related to the number of electrons in the 6s orbitals. All the levels labelled as belonging to the 5d 8 configuration are unfortunately strongly mixed with the other configurations of the complex (5dþ 6s) 8 [5] . Table 1 Experimental level energies, E exp , MCDHF level energies, E cal , level normal mass shift parameter,K RNMS , level specific mass shift parameter,K RSMS , and level field-shift electronic factor, F, for all known even-parity levels belonging to the (5d þ6s) 8 configurations in Os I. Illustrations of the convergence of our isotope shift parameter values with respect to those of the ground level are given in Fig. 1 for the 5d 6 6s 2 5 D 2 level and in Fig. 2 for the 5d 7 6s 5 F 5 level where each parameter is plotted against the MCDHF calculation step described in the previous section. Sensitivity of these parameters to correlation can be appreciated from these figures. One can also notice that convergence is achieved in the last three steps for all parameters if we except the FS factor of the 5d 7 6s
5 F 5 level where it oscillates around $ À32 GHz/fm 2 with an amplitude of $ 2 GHz/fm 2 (i.e. a $ 10% amplitude).
The electronic parameters given in Table 1 can be used for any pair of isotopes of neutral osmium to determine the isotope shifts.
Kröger et al. [5] determined experimentally 192 Os I residual level isotope shifts, i.e. the isotope shifts minus the normal mass shift contributions, with respect to the ground level of the isotope 190 Os I. In order to determine them, they used the scaling law for the NMS [5] which we have just shown it is no more valid for Os I. In Table 5 , we compare therefore the experimental values of Kröger et al. [5] corrected with the scaling law they used to retrieve the total experimental IS, δν H 6 . For the latter level, the field shift is almost cancelled by the normal mass shift. Finally, the comparison between the experimental and MCDHF total isotope shifts shows a good agreement for most of the levels given the experimental error bars and the complexity of the atomic structure. In that regard, the experimental error bar concerning level 5d 8 3 F 4 is particularly large and, in that case, a more precise measurement is needed for constraining our model.
Conclusions
The electronic isotope shift parameters, i.e. the normal mass shift, specific mass shift and field shift electronic parameters, have been calculated for all the fine-structure levels of the even configurations (5d þ6s) 8 of neutral osmium, Os I using the fully relativistic MCDHF method. These values can be used to determine the line and level shifts for any pair of neutral osmium isotopes. Comparison with the experimental fine-structure level shifts by Kröger et al. [5] for the isotope pair 190, 192 Os I shows a good agreement with our MCDHF predictions. a Gluck et al. [8] . b Kröger et al. [5] . The residual isotope shifts have been corrected using the scaling law to recover the total shifts.
